Introduction
Caffeine (1,3,7-trimethylpurine-2,6-dione; CA), theophylline (1,3-dimethylpurine-2,6-dione; TP), and theobromine (3,7-dimethylpurine-2,6-dione; TB) are three methylated xanthine derivatives (see Figure 1 ) widely found in the human diet that represent three different systems of important pharmaceutical interest. They naturally occur in food products such as tea, coffee, and cocoa beans (with TB and CA being the two most abundant xanthines in chocolate, for instance). On the other hand, these compounds are also used in a variety of medical applications, being routinely prescribed. For instance, CA is used as a central nervous system, cardiac and respiratory stimulant, while TP and TB are widely used as smooth muscle relaxants.
TP is also used as a bronchodilator, for the treatment of bronchial asthma and neonatal apneia [1] and in the treatment of epilepsy. [2] All three compounds are also known to cause diuresis, [3] while CA administration seems to protect mice against a whole-body lethal dose of g-irradiation. [4] The polymorphic behavior of drugs is a major concern of the pharmaceutical industry since different packing arrangements of the same molecular species (polymorphism) can have markedly different biopharmaceutical properties. [5] It is well documented that CA and TP are sensitive to polymorphic and pseudo-polymorphic transformations that affect their dissolution profiles and, consequently, their bioavailability. [6] [7] [8] [9] [10] [11] In fact, they crystallize into different states (hydrate and anhydrous) [12] [13] [14] [15] and are good model compounds for the accurate characterization of both the polymorphic form and hydration states.
In this way, the knowledge of the structural characteristics of these compounds from a molecular point of view is of utmost relevance for a rational understanding of the structure-activity A new computationally-assisted methodology (PiMM), which accounts for the effects of intermolecular interactions in the crystal, is applied to the complete assignment of the Raman and infrared vibrational spectra of room temperature forms of crystalline caffeine, theobromine, and theophylline. The vibrational shifts due to crystal packing interactions are evaluated from ab initio calculations for a set of suitable molecular pairs, using the B3LYP/6-31G* approach.The proposed methodology provides an answer to the current demand for a reliable assignment of the vibrational spectra of these methyl-xanthines, and clarifies several misleading assignments. The most relevant intermolecular interactions in each system and their effect on the vibrational spectra are considered and discussed. Based on these results, significant insights are obtained for the structure of caffeine in the anhydrous form (stable at room temperature), for which no X-ray structure has been reported. A possible structure based on C (8) À H···N (9) and C (1, 3) ÀH···O intermolecular interactions is suggested. relationship ruling their biochemical effects. In this context, the analysis of the vibrational spectra (Raman and FTIR), in particular of CA and TP, has aroused considerable interest. [6, [16] [17] [18] [19] [20] [21] [22] However, to the best of our knowledge, no complete vibrational assignment has been attempted yet and the complete and reliable assignment of the vibrational spectra of these compounds is naturally justified. Very recently some works showed the vibrational spectra of CA, TP, and TB, [6, 12, [19] [20] [21] 23] but, unfortunately, including incomplete, questionable and even misleading assignments, as reported previously by some of us. [22] The complete assignment of the vibrational spectra of relatively complex molecules in the crystalline state is quite difficult, and the assignment of some experimentally observed bands to specific vibrations is usually uncertain. In order to assist this difficulty, theoretical calculations are used to support a reliable assignment by comparing the theoretically calculated spectra with the experimentally observed ones. The usefulness of theoretical calculations, particularly using density functional theory (DFT) methods, to assist vibrational spectroscopic studies has been recently highlighted. [24] The present paper has been organized as follows. Firstly, the PiMM methodology (Pairs in Molecular Materials) is presented. Secondly, the results are discussed in two sections 1) the description of the crystal structures of xanthine derivatives based on ab initio calculations at the B3LYP/6-31G* level; 2) the complete assignment, based on the computationally-assisted methodology, of the FT-Raman and FTIR spectra of TB, TP, and CA and their pseudopolymorphs.
Results and Discussion

Methodology
The computationally-assisted methodology for vibrational spectra assignment used is based on the frequency and intensity calculations, for fully-optimized geometry structures, at the B3LYP/6-31G* level. This approach-vibrational spectra assignment by comparison with suitable simulated spectra-has been successfully applied for a couple of systems [25] [26] [27] [28] and is generally recognized as a reliable approach. [24] On the other hand, the B3LYP/6-31G* level is known to provide a good "quality/computational cost ratio" for both geometry optimizations and vibrational spectra simulations in organic systems.
The major limitation of ab initio calculations in what concerns the prediction of the vibrational spectra arises from the complexity of the calculations involved, which imposes severe limitations on the size of the system. Despite the development of computers, it is still difficult to deal with systems of more than a few dozens of atoms. In this way, most of the frequency and intensity calculations refer to the single molecule situation. The calculated spectrum for the single molecule is expected to describe the gas phase spectra, and can be used with caution to simulate liquid phase and solution spectra, but fails to describe properly the solid-state spectra. The error is as large as the strong intermolecular interactions in the solid state.
A possible approach to overcome this limitation, proposed in this work, is to assume that the intermolecular interactions in the crystal perturb the wavenumbers of the isolated molecule. Within this approach, the wavenumber of the ith normal mode is given by its calculated wavenumber in the isolated molecule, corrected for the perturbations resulting from the contacts with neighbouring molecules in the crystal as represented in Equation (1) 
where the term "direct" refers to the effect of the intermolecular contacts on the oscillators involved in the contact (e.g. the effect of a OÀH···O hydrogen bond on the O-H vibrational modes), while the term "indirect" refers to the effect of the same contact on the remaining modes (e.g. the effect of a OÀ H···O hydrogen bond on the modes involving oscillators in other parts of the molecule), and the summation applies to all possible contacts. The superscripts (1), (2) apply respectively to the first and second shell of neighbors.
Assuming that only the neighbors in the first shell significantly affect the calculated wavenumbers of the isolated molecule, Equation (1) and the corrections can be obtained by frequency calculations for all the molecular pairs required to describe the different intermolecular contacts present in the crystal (after full-geometry optimization). The simplified version shown in Equation (2) neglects the effects of long-range interactions and the cooperativity of the various interactions. Although it is difficult to fully quantify the importance of these effects, it can be estimated by comparing the results for molecular pairs with those obtained for larger associations of molecules. From a set of calculations performed for associations of three and four molecules, these effects are estimated to affect the predicted shifts, on average, by less than % 5 cm
À1
. However, differences of % 25-35 cm À1 are observed in the most sensitive modes.
Selection of Relevant Molecular Pairs from the Crystal Structures
The crystal structures of the three methyl xanthines considered, present networks of hydrogen bonds which are expected to have a significant effect on the corresponding vibrational spectra. [13] [14] [15] [29] [30] [31] [32] [33] The application of the previously described methodology requires ab initio calculations on molecular pairs that simulate the molecular associations found in the solid structures. In the case of TP and CA, the crystal structures of both hydrate forms (hereafter named TPh and CAh, respectively) and anhydrate forms (hereafter named TPa and CAa, respectively) must be considered, while for TB only the anhy-drous form (hereafter named TBa) is known to exist. It is to be noted, however, that the crystal structure of anhydrous CA (known to exist as two different polymorphic forms, namely aand b-forms [34] ) has not been determined as only powders and disordered crystals are obtained. [35] Figure 2 shows the most important intermolecular hydrogen bonds found in the crystal packing of the methyl-xanthine derivatives studied. Each interaction is described by one of the molecular pairs IÀX indicated (for instance, molecular pair I is built from two TP molecules linked by a N (7) ÀH···N (9) hydrogen bond). Among the methyl-xanthine derivatives considered, TP is the one for which the crystal structures of both forms (anhydrate and hydrate) are known. Thus, TP is the best model to demonstrate the application of the computationally-assisted methodology proposed. In this context, the packing analysis of the crystal structures of TPh and TPa forms, and the ab initio studies required to describe the intermolecular contacts present in each case, are discussed in more detail.
Theophylline
The crystal structures of both TPh and TPa forms show that all groups but one are involved in intermolecular hydrogen bonding, although there are significant differences in the donor/acceptor pairing between the two forms. The exception is the methyl group at position N (3) , which does not participate in any hydrogen bond neither in the hydrate structure nor in the anhydrous structure. A characteristic feature of the monohydrated structure is the existence of heaped layers of dimeric structures of TP molecules, related by a centre of symmetry, which are held together by two types of TP···TP interactions, namely N (7) ÀH···O (6) and C (8) ÀH···O (2) (each TP molecule establishing two equivalent interactions of each type, thus acting both as a donor and as an acceptor). In addition, each TP molecule establishes two types of TP···H 2 O interactions (N (9) ···HÀO w and C (1) ÀH···O w ), forming water network channels that cross the different TP molecular layers. In turn, the crystal structure of the anhydrous form has no defined layers. In fact, the planar TP molecules are stacked in columns, where the interplanar angle between adjacent TP molecules of 43 8. These columns are held together by N (7) ÀH···N (9) hydrogen bonds. Figure 2 presents the optimized structures of the different TP molecular pairs that simulate the different intermolecular interactions (TP···TP and TP···H 2 O) present in the solid structures of either TPh or TPa forms. In all cases, the calculated intermolecular distance of the interaction is indicated. It should be mentioned that the TP molecule can occur in four tautomeric forms, namely TP(N (7) H), TP(N (9) H), TP(O (2) H), and TP(O (6) H). However, the X-ray results demonstrate that in the crystalline state, the TP(N (7) H) tautomer is prevalent. [14] Moreover, the ab initio calculations are in agreement with this observation, since the energy difference between the lowest-energy tautomeric form TP(N (7) H) and the second most stable form [TP(N (9) H)] is larger than 38 kJ mol
À1
. In this way, all the molecular pairs in Figure 3 were built up from the TP(N (7) H) tautomeric form.
Molecular pair I represents the intermolecular contacts characteristic of the TPa form (TP dimer structures held by N (7) À H···N (9) interactions), while molecular pairs II, III, IV, and V represent the four distinct molecular associations that are evident in the TPh crystal structure (molecular associations held through N (7) ÀH···O (6) and C (8) ÀH···O (2) , N (9 ···HÀO w and C (1) ÀH···O w interactions). Molecular pair II, which presents two strong N (7) -H···O (6) interactions, corresponds to the lowest energy minimum found. The predicted NÀH···O distance is 177 ppm, which is in good agreement with the reported X-ray value, 190 ppm, [29] taking into account the distinct nature of the two methods. Molecular pair III, which is built by a weaker intermolecular interaction (C (8) ÀH···O (2) ), corresponds to the less stable TP···TP dimer. Despite their weakness, CÀH···O hydrogen bonds are known to play a significant role in crystal packing and have major effects on the vibrational spectra of molecular systems. [25, 27, 28] Table 1 presents the predicted ab initio wavenumbers for the TP monomer and the wavenumber shifts promoted by considering the different molecular pairs of Figure 3 (only the modes that are significantly affected by the intermolecular contacts are shown).
Theobromine and Caffeine
Figures 4 and 5 show the molecular pairs which characterize the crystal structures of TBa and CAh, respectively. Starting with the TBa, a characteristic feature of its crystal structure is the association of TB molecules resulting in pseudo-centrosymmetric structures linked by two intermolecular N (1) ÀH···O (2) hydrogen bonds (molecular pair VI of Figure 4 ). [13] These molecular pairs are held together through weaker C (8) ÀH···O (6) hydrogen bonds between adjacent molecules (molecular pair VII in Figure 4 ), forming a two-dimensional layered structure. The crystal structure of the CAh was determined in 1958 by Sutor [30] and confirmed in 1997 by Edwards and co-workers. [12] In this structure, the imidazole nitrogen atom of the CA molecule establishes a hydrogen bond with a water molecule of crystallization, N (9) ···HÀO w (molecular pair IX of Figure 5 ). The water molecules are disordered and the distance between water oxygen atoms in the channel is only 2.5 . [35] The strong N (9) ···H-O w hydrogen bond results in the activation of the neighboring C (8) ÀH as hydrogen bond donor. [14] In the crystal structure of CAh, the C (8) ···O (2) intermolecular distance is 3.1 (and consequently, H···O (2) distance % 2.1 ). [10, 12] This evidences the existence of molecular pairs kept by C (8) À H···O (2) hydrogen bonds (molecular pair VIII of Figure 5 ). Additionally, there is also proof of molecular pairing through C (7) À H···O (6) (represented by the molecular pair X of Figure 5 ). The calculated stabilizing effect of these molecular associations follows the order IX > VIII > X, in agreement with the results of Carlucci and Gavezzoti, using a higher level of calculations. [35] It also follows the expected pat- [a] n = stretching; b = in-plane deformation; g = out-of-plane deformation; a = in-plane ring deformation; pyr = pyrimidine. tern of the intermolecular interaction strength, N (9) ···HÀO w > C (8) ÀH···O (2) > C (7) ÀH···O (6) .
In the CAa form, the N (9) -atom is no longer blocked by the water molecule and can be used by another H-bond donor group. In order to assess new insights into the possible structure of CAa crystal, several other molecular associations, presenting the N (9) -atom as the H-bond acceptor, are tested. A relevant one is the association of two CA molecules by weak C (8) ÀH···N (9) hydrogen bonds (molecular pair XI of Figure 5 ), due to its stabilization energy. This molecular pair has already been considered among the most probable in crystalline CAa by Carlucci and Gavezzoti, although these authors do not assign any structure-driving importance to weak CÀH···O/N bonds. [35] Tables 2 and 3 present the predicted ab initio wavenumbers for the monomer and the wavenumber shifts promoted by considering the different molecular pairs for TB and CA forms, respectively (only the modes that are significantly affected by the intermolecular contacts are shown).
Vibrational Assignments Using the Computationally Assisted Methodology
In this section, the complete assignment of the FT-Raman and FTIR spectra of the three methyl-xanthine derivatives is presented in the light of the above discussed structural features, namely, the effect of the intermolecular interactions present in each system through Equation (2) . It should be mentioned that due to the strong coupling of oscillators in some normal modes, the approximate description of the modes presented below is based on the highest contribution for each vibrational mode. In a few cases, the unavoidable hybrid nature of the vibrational mode is indicated in the approximate description with a plus sign (e.g. nCC + nCN modes).
Theophylline
The application of Equation (2) to TP is straightforward for the modes listed in Table 1, as 
À1
for TPh. Thus, this mode is assigned to the observed bands at 377 and 388 cm À1 in the Raman spectra of TPa and TPh, respectively. The same procedure is applied to the modes presenting smaller shifts and not shown in Table 1 . Figure 6 compares the experimental and calculated (for the isolated TP molecule and for the different molecular pairs considered) FT-Raman spectra of TPa and TPh in the 1000-1800 cm À1 region (the complete IR and Raman spectra of both TP forms are published elsewhere [22] ). The application of the computationally-assisted methodology in the assignment of the vibrational spectra is also illustrated, since the 1000-1800 cm À1 wavenumber region is particularly sensitive to the structural differences between TPa and TPh. As can be seen from Figure 6 , there are a number of spectral changes on going from the predicted Figure 5 . Optimized structures of the molecular pairs selected to describe the intermolecular contacts in the crystal structure of caffeine monohydrate (CAh, pairs VIII-X). Also included is the molecular pair XI describing a possible intermolecular contact in the anhydrous caffeine form (CAa). Calculated H···N and H···O distances in pm. . This shift of the carbonyl stretching modes towards lower frequencies in molecular pair II is explained by the presence of a strong N (7) -H··O (6) hydrogen bond engaging the C (6) =O group. Molecular pair III (not included in Figure 6 ) also exhibits carbonyl stretching modes shifted to lower frequencies (1680 and 1726 cm À1 ) due to the presence of weak C (8) H···O (2) hydrogen bonding. Based on this data, the two carbonyl modes of TPh can be related to the pair of bands at 1658-1687 cm À1 (frame E). The corresponding modes for TPa are ascribed to the 1665-1707 cm À1 pair (frame C), somewhat far from the monomer values. This is one of the rare cases in which the limitations of the method become more evident: the nC=O modes in TPa seem to be affected by long-range interactions not included in Equation (2) . The in-plane bending modes of the N (7) H and C (8) H groups (bN (7) H and bC (8) H, respectively) are predicted to occur in the monomer (frame A) at 1381 and 1217 cm À1 , respectively. However, the formation of the intermolecular interactions N (7) H···N (9) (molecular pair I) and N (7) H···O (6) (molecular pair II) shifts the bN (7) H and bC (8) H to lower and higher frequencies, respectively. The bN (7) H is downward shifted as a direct consequence of the formation of the N (7) H···N (9) or N (7) H···O (6) interactions, while the upward shift predicted for the bC (8) H is an indirect consequence of those interactions [an example of the indirect effect of intermolecular interactions, as described in Equation (2)]. Additionally, in the molecular pair III, the bC (8) H mode is also shifted to higher frequency, almost to the same extent, due to the formation of weaker C (8) H···O (2) hydrogen bonding. Based on these results, the experimentally observed band at 1249 cm À1 in the Raman spectra of both TPa and TPh (frame C and E, respectively) can be assigned to the bN (7) H mode. On the other hand, the bC (8) H mode appears at 1426 cm À1 for the TPa form (frame C), being shifted to 1423 cm À1 on hydrate formation (frame E). A comparison of the experimental Raman spectra of both forms (frames C and E) shows that the bands at 1612 (nC (4) = C (5) ) and 1570 cm À1 (nCC + nCN) are shifted to 1607 and 1561 cm
, respectively, upon hydrate formation. Another important criterion for the assignments herein proposed is the isotopic vibrational shifts upon N-H deuteration. Ab initio calculations show that besides the three N-H modes (nNH, bNH, [a] n = stretching; b = in-plane deformation; g = out-of-plane deformation; 1 = CH 3 rocking. Figure 6 . Example of methodology with theophylline anhydrous (TPa) and theophylline monohydrate (TPh). Calculated and experimental Raman spectra in the 1000-1800 cm À1 region of theophylline monomer (A), molecular pair I (B), TPa (C), molecular pair II (D), and TPh (E). gNH) other modes include the motion of the H atom at N (7) and thus are significantly affected by the H/D exchange.
The FT-IR spectra of TPa, TPh, and TPh Àd (hydrated deuterated TP) in the 500-1000 and 2000-3600 cm À1 regions are shown in Figure 7 . A comparison of the FT-IR spectra in Figure 7 shows the presence of a broad band at 846 cm À1 (TPa, frame A) that is shifted to 818 cm À1 upon hydration (TPh, frame B) and disappears upon crystallization in D 2 O, being shifted to 593 cm À1 (TPh Àd , frame C). These bands are clearly ascribed to the out-of-plane bending mode of N (7) ÀH (gN (7) ÀH). The observed wavenumber shift from TPa to TPh suggests that the the N (7) H···N hydrogen bond in the TPa is stronger than the N (7) H···O (6) , which is absent in the spectrum of TPh Àd . The spectrum of TPh Àd , on the other hand, shows a new band at 2495 cm
, within the range of the predicted isotopic shift. Consequently, it is reasonable to assign these two bands to the N (7) ÀH and N (7) ÀD stretching vibrations, respectively. This vibrational mode (nN (7) ÀH) appears at 3061 cm À1 in the FTIR spectrum of TPa. Figure 7 also illustrates the effects of the intermolecular interactions in the modes directly engaged in intermolecular contacts. This is particularly evident for those related to the C (8) ÀH group, which is engaged in CÀH···O hydrogen bonding in TPh. According to the vibrational frequency calculations, it is reasonable to ascribe the C (8) ÀH stretching mode (nC (8) ÀH) to the bands observed at 3106 and 3122 cm À1 in the spectra of TPh and TPa, respectively. This indicates a red-shift upon hydrogen bonding, characteristic of strong CÀH donors. [36] From the vibrational modes analysis (see Table 1 ) it is predicted that the C (8) ÀH out-of-plane bending mode (gC (8) ÀH) in TPh crystal should appear at % 160 cm À1 above the 800 cm
predicted for the monomer. The strong band observed at 980 cm À1 in the FT-IR spectrum of TPh, in a region where all the remaining bands can be reasonably assigned to other vibrational modes, is thus designated to the gC (8) ÀH mode. In TPa, the same vibrational mode is predicted to occur at somewhat lower frequency (ca. 800 + 87 cm
, Table 1 ), but is found at nearly the same frequency as for TPh. This can be viewed as the error limit of the method, although there is a qualitative agreement in the sense that the gC (8) ÀH mode is significantly upward shifted from the monomer values in both TPa and TPh forms.
The complete assignment of the Raman and FT-IR spectra of TPa and TPh-resulting from all the data gathered and the considerations above-is presented in Table 4 . Apart from the expected fundamental modes, small contaminations with the metastable polymorph of TP (TP m ) can be found in the vibrational spectra. [11] 
Theobromine and Caffeine
The experimental wavenumbers and proposed assignments of TBa and of CAa and CAh are summarized in Tables 5 and 6 , respectively. As stated above (and shown in Table 2 ), in the case of TBa the main intermolecular interactions are of the type N (1) H···O (2) and C (8) H···O (6) . Therefore, it is expected that the most affected vibrational modes are the ones related to the C (2) =O and C (6) =O carbonyl groups, and to the N (1) H and C (8) H groups. In fact, according to ab initio calculations the nC=O modes are shifted to lower frequencies upon formation of those intermolecular interactions, the effect being naturally larger in the case of the stronger N (1) H···O (2) interaction (Dn = 33 cm À1 and Dn = 24 cm À1 on passing from monomer to molecular pair VI and to molecular pair VII, respectively).
On the other hand, the out-ofplane C=O (gC=O) mode is predicted to shift from 685 cm
À1
for the monomer to 667 cm À1 for molecular pair VI and to 688 cm À1 for molecular pair VII. www.chemphyschem.org Figure 8 shows the calculated infrared spectra (in the 550-950 cm À1 region) of TB monomer (frame A), molecular pair VI (frame B), and molecular pair VII (frame C). The gN (1) H and gC (8) H vibrational modes are expected to occur in this spectral region. The gN (1) H mode is predicted at 624 cm
for the monomer, being significantly shifted upwards (to 875 cm À1 ) upon establishment of the N (1) H···O (2) hydrogen bond (molecular pair VI). On the other hand, the gC (8) H mode is predicted to shift upwards by % 79 cm À1 when the weaker C (8) H···O (6) interaction is considered (molecular pair VII). As both types of interactions are present in the crystal structure of TBa, it is expected that both the gN (1) ÀH and gC (8) À H modes are observed in the 800-900 cm À1 region.
The stretching vibrations of C (8) ÀH and N (1) ÀH (nC (8) ÀH and nN (1) ÀH, respectively) are also affected by the presence of the N (1) ÀH···O (2) and C (8) ÀH···O (6) hydrogen bondings. According to the calculations both modes are shifted to lower frequencies on passing from the monomer to one of the two molecular pairs (VI or VII). Based on this information and on the deuteration studies, the nN (1) ÀH mode was ascribed to a broad band at 3156 cm À1 in the FT-IR spectrum, while a band centered at 3116 cm À1 in the Raman spectrum was assigned to the nC (8) À H mode. As for TP, deuteration studies are used to confirm the assignment of the bands due to the NÀH modes in TBa. Figure 9 compares part of the FT-Raman and FT-IR spectra of TBa and TBa Àd (partially deuterated TBa). As can be seen, there is a clear intensity decrease of the broad band observed at 862 cm À1 in the FT-IR spectrum upon partial deuteration. Thus, it is reasonable to ascribe this band to the [a] n = stretching; b = in-plane deformation; g = out-of-plane deformation; a = in-plane ring deformation; z = out-of-plane ring deformation; d = CH 3 deformation; 1 = CH 3 rocking; t = CH 3 torsion. TP m = small contamination with metastable TP form; pyr = pyrimidine, imid = imidazole; [b] Calculated values using Equation (2) (monomer + predicted shifts).
gN (1) ÀH. In addition, based on the ab initio results, the closelying band at 888 cm À1 is assigned to the gC (8) ÀH mode.
It should be mentioned that there is an excellent agreement between the predicted shifts in Table 2 and those actually observed in the vibrational spectra of TBa (see Table 5 ). The only exception is the gC=O mode, whose predicted wavenumber is 685 AE 18 cm À1 and is observed at 691 cm
. Caffeine (CA) presents a particular vibrational problem. In contrast to what is observed for TP and TB, the vibrational spectra of the anhydrous and monohydrated forms (CAa and CAh) are very similar, showing only slight intensity changes and/or frequency shifts for a few spectral features. The nonsensibility of the vibrational spectra to the crystal packing is also predicted by the ab initio calculations; as shown in Table 3 , only a small number of modes are found to be affected by the intermolecular interactions considered. Figure 10 illustrates this similarity, by comparing the FT-IR spectra of CAa (frame A) and CAh (frame B). As it can be seen, Table 6 . Complete computationally-assisted assignment of the FT-Raman and FT-IR spectra of caffeine anhydrous (CAa) and hydrate (CAh).
CAa
CAh Approximate description [a] Calc [b] the nC=O region remains nearly unchanged on passing from CAh to CAa, apart from the intensity increase of the higher wavenumber band. This observation suggests that the intermolecular interactions involving the carbonyl groups are not significantly different for the CAh and CAa forms. A somewhat controversial spectral change occurs for the CAh band centred at 888 cm
À1
. On passing from CAh (frame B) to CAa (frame A), this band disappears, giving rise to a broad spectral feature with maximum intensity at 860 cm À1 . The 888 cm À1 band has been ascribed to the H 2 O libration mode by Edwards et al. [12] However, this assignment is not supported by our deuteration studies, as the band remains unchanged in the spectrum of CAh Àd (hydrated deuterated CA, spectrum not shown) when only D 2 O molecules are present in the crystal. Based on the predicted shifts of Table 3 , this band can be assigned to the gC (8) ÀH mode.
Another significant spectral change on passing from CAh to CAa is observed in the region of the nC (8) ÀH mode. The band assigned to the nC (8) ÀH mode is shifted downwards from % 3122 cm À1 in CAh to % 3114 cm À1 in
CAa. This band shifting is followed by a significant intensity increase. These spectral changes upon dehydration are similar to those observed upon hydration in TP (downwards shifting from 3122 to 3106 cm À1 and considerable intensity increase).
This comparison yields some clues concerning the intermolecular interaction patterns in the two forms (anhydrous and hydrate) of these systems. On the whole, the spectral similarities between CAh and CAa seem to indicate that the intermolecular interaction patterns of the two forms are either similar in the donor/acceptor grouping or in the interaction strength. As no strong H-bond donor is available in CAa, the strongest hydrogen bond possible is of the type C (8) -H···X, with X being either an O or an N atom, with the vibrational modes ascribed to the C (8) ÀH group being sensitive to the interactions established by the close-lying N (9) -group. Based on the ab initio calculations performed, there seems to be a higher stability upon formation of a C (8) ÀH···N (9) interaction over a C (8) ÀH···O (2) interaction. Thus, it is reasonable to assume that in the case of CAa the main intermolecular interaction is the van der Waals interaction, but with a contribution from a specific C (8) ÀH···N (9) contact.
Attaining to the fact that the nC=O region remains almost unaffected on passing from CAh to CAa, it is also reasonable to consider the presence of weak C (1) ÀH···O (6) /C (1) ÀH···O (2) or C (3) ÀH···O (6) /C (3) ÀH···O (2) interactions in the CAa structure. The presence of these interactions explain to some extent the similarity observed in the carbonyl stretching bands of CAa and CAh and also the blue shifting of the carbon-hydrogen stretching mode involving the N-methyl group, namely the n as C(1)H 3 and n as C(3)H 3 , on passing from CAh to CAa.
Conclusions
This study presents a new methodology (PiMM-Pairs in Molecular Materials) for the assignment of the vibrational spectra of molecular crystals, based on the ab initio evaluation of wavenumber shifts resulting from the intermolecular contacts.
The approach was tested on pharmacologically active methyl-xanthine derivatives, which are known to present pseudo-polymorphism and strong intermolecular interactions. It was found that the proposed methodology is simple, not computationally demanding, and yields reliable results. This methodology can be particularly useful in the detection and in the structural characterization of the solid-solid transformations which significantly affect the activity of a particular pharmaceutical drug.
The main errors of this methodology arise from 1) the neglecting of weak/long-range interactions and cooperativity effects, and 2) from the differences between the optimized geometry of the pairs and their arrangement in the crystal. These errors are clearly larger than those resulting from the limitations of the standard double-zeta basis set used. However, the number of inconsistencies or erroneous predictions (discussed through the text and shown in Tables 4-6) is quite low, considering the simplicity of the approach and the complexity of the systems.
A systematic investigation of both the pseudo-polymorphic transformations and intermolecular interactions occurring in theophylline, theobromine, and caffeine, as well as a complete and consistent assignment of their vibrational spectra was performed. Apart from solving some misleading assignments of the literature, this study clearly shows the relevance of vibrational spectroscopy coupled to ab initio calculations, for the study of pharmaceutical relevant drugs. As the vibrational motion is potentially different depending on the packing and conformational arrangement, the presence of different hydrogen bonds in theophylline, theobromine, and caffeine and their pseudo-polymorphs affect differently the vibrational wavenumbers, intensities, and shapes of some characteristic bands. It has been shown, as expected, that the most pseudopolymorph-sensitive modes are related to the donor and acceptor groups involved in each intermolecular hydrogen bond. In fact, considering the overall results, the vibrational modes related with the C=O, NÀH, and CÀH groups, namely the nC= O, nNÀH, nCÀH, bCÀH, bNÀH, gNÀH, and gCÀH modes are strongly affected by intermolecular hydrogen bond formation. The study of the wavenumber shifts promoted by each contact also provides new insight into the crystal structure of caffeine anhydrous. We suggest that the presence of C (8) ÀH···N (9) and C (1, 3) ÀH···O intermolecular interactions explain the differences between the vibrational spectra of hydrated and dehydrated forms of caffeine.
Experimental Section and Computational Methods
Sample Preparation: Anhydrous CA, TP. and TB were obtained commercially (Aldrich) and used without further purification. TPh was prepared by dissolving anhydrous TP in distilled water at 60 8C until a supersaturated solution was reached. The crystals obtained were filtered from the mother liquid, allowed to dry at room temperature and relative humidity conditions, and then gently milled to powder. Crystals of CAh were prepared by a similar process, but using a water-bath at 80 8C and stored in a sealed vessel at 92 % relative humidity in the presence of potassium nitrate saturated solution at room temperature. The N-deuterated isotopomers were prepared by a similar process.
Vibrational Spectroscopy: The FT-Raman spectra in the 70-5000 cm À1 region were recorded on a RFS-100 Bruker FT-spectrometer, using a Nd:YAG laser with excitation wavelength of 1064 nm, with laser power set to 300 mW. Each spectrum is the averaging of two repeated measurements of 100 scans each and 2 cm À1 resolution.
Room-temperature FTIR spectra in the 300-4000 cm À1 region were recorded with a Mattson 7000 FTIR spectrometer, using a globar source, a deuterated triglycine sulphate (DTGS) detector, and potassium bromide cells. All spectra are the average of two counts, with 64 scans each, at 2 cm À1 resolution.
It was apparent that in some experiments the sample temperature rose significantly due to laser exposure, leading either to polymorphic transformations or loss of solvent molecules. [37, 38] In order to evaluate this effect, a sample of TPh was exposed continuously to 300 mW laser power for 2 h, and 24 records of 5 min each were collected. The comparison of the spectra shows that the first spectral change, assignable to sample heating (denoting some loss of water molecules), although still extremely subtle, became only observable after 35 min of exposure to the laser. All the FT-Raman spectra reported on this work (using the conditions described above) have been collected in 25 min or less.
Ab initio calculations: Density functional theory (DFT) calculations were performed using the Gaussian 03W program package (G03W). [39] The functional used throughout the calculations consist of a mixture of HF (Hartree-Fock) and DFT exchange functionals and the gradient-corrected functional of Lee, Yang, and Parr, [40] as proposed and parameterized by Becke (standard B3LYP option of G03W). [41] All molecular structures were fully optimized using the standard all-electron 6-31G* basis set, using the gradient method. [42] Harmonic vibrational wavenumbers were calculated, using analytical second derivatives, for all optimized geometries in order to confirm the convergence to a minimum at the potential energy surface and to evaluate the zero-point vibrational energy corrections (ZPVE). The wavenumbers above 500 cm À1 were scaled by a factor of 0.9614. [43] In order to simulate and estimate the effects of the intermolecular interactions observed in the crystal structure of both anhydrous and monohydrated forms of the three methyl-xanthine derivatives, the calculations were extended to different molecular pairs. Different molecular associates, built on the basis of the crystal structures xanthine···xanthine and xanthine···H 2 O intermolecular interactions, were considered and submitted to full optimization in all cases. The vibrational assignments were based on the visualization of the atomic displacements. A possible crystal structure for the roomtemperature phase of anhydrous caffeine can be found at Acta Cryst. 2002, A48 (Supl.), C265. However, contact with the authors (F. Stowasser and C. W. Lehmann) revealed that the description of intermolecular contacts in the crystal is not yet possible.
